Crystalline symmetries have played a central role in the identification of topological materials. The use of symmetry indicators and band representations have enabled a classification scheme for crystalline topological materials, lead-1 arXiv:1910.13412v1 [cond-mat.mtrl-sci] 29 Oct 2019
Introduction
Much of condensed matter physics has focused on exploiting crystal symmetries to understand physical properties, headlined by topological phases and spontaneously broken symmetries in quantum materials. The unusual properties of topological materials, such as the robustness to disorder and their quantized electromagnetic responses, have prompted extensive efforts to classify crystalline topological matter. Non-magnetic crystalline topological insulators and metals with topological bands close to the Fermi level are relatively abundant, representing ∼30% of all materials (1) (2) (3) , a number that may increase by including magnetic space groups (4) . To identify topological crystals one asks if the band representations of a particular space group admit a trivial insulator limit compatible with the crystal symmetries; if not, the material is labeled topological. The absence of a crystal lattice places amorphous matter outside this classification, even though it is a subset of materials of comparable size to their crystalline counterpart. This raises the question we have set to answer in this work: is there an amorphous topological insulator in the solid state?
Theoretically, amorphous matter can be topological since there are non-spatial symmetries, such as time-reversal symmetry, that protect topological phases. Topological insulator crystals are robust against disorder; topological states do not rely on a periodic crystal lattice at all. Therefore, amorphous materials, which lack translational symmetry and cannot be understood in the context of Bloch states, can still present topological properties. Specifically, electrons in a lattice of randomly distributed atoms with strongly disordered electron hoppings-so strong that no memory of a lattice can be used to label the sites-can present topologically protected edge states and quantized Hall conductivity, hallmarks of topological insulators (5) (6) (7) (8) (9) (10) (11) . As a proof of principle, a random array of coupled gyroscopes (8) was designed to act as a mechanical analogue of an amorphous topological state with protected edge oscillating modes, but there has so far been no realization in a solid state system.
In this work, we have grown and characterized amorphous Bi 2 Se 3 . In its crystalline form Bi 2 Se 3 is a textbook three-dimensional topological insulator (12) . We find that amorphous Bi 2 Se 3 , despite being strongly disordered and lacking translational invariance, hosts two dimensional surface states with features common to topological surface states. The temperature and field dependent resistance reveals the existence of low dimensional carriers with a reduced bulk contribution. Angle-resolved photoemission (ARPES) and spin-resolved ARPES shows a two dimensional surface state with strong spin-momentum locking, strongly resembling that expected for a topological Dirac cone. This interpretation is supported by numerical simulations of the surface spectra using an amorphous topological tight-binding model.
Main
Amorphous Bi 2 Se 3 thin films were thermally evaporated in a UHV chamber with base pressure of 10 −9 Torr. The films were grown at room temperature from high purity (99.999%) elemental Bi and Se single sources (for further growth and composition details see the Supplementary Materials). High resolution transmission electron microscopy (HRTEM), Fig. 1(A) , shows no signs of crystalline order. The diffraction pattern in Fig. 1 (A) inset shows a pattern typical of amorphous materials with well defined coordination and inter-atomic distance. There is a diffuse but well defined inner ring corresponding to the short-range ordering of nearest neighbors.
The nearest neighbor spacing set by the inner ring ranges from 2.8Å to 3.0Å, compared to 3.2Å in crystalline Bi 2 Se 3 (13) . The Raman spectrum, Fig. 1(B) , shows peaks at 135 cm −1 and 174 cm −1 corresponding to the bulk E 2 g and A 2 1g vibrational modes, respectively. The A 1 1g Van der Waals mode at ∼72 cm −1 , which corresponds to the layered structure of the crystal, is absent in our samples. Instead, we observe a peak at 238 cm −1 not present in crystalline Bi 2 Se 3 , which we attribute to amorphous Se-Se bonding seen in Se films (14) . The Raman peaks broaden compared to the crystalline system; the full width half maximum of the E 2 g mode is 23.7 cm −1 compared to 8.0 cm −1 (15) . The results in Fig. 1 show that our samples are amorphous and, while lacking a layered structure with a Van der Waals gap, have a local bonding environment similar to the crystalline phase. Figure 2 shows the temperature dependent transport data for different thicknesses in amorphous Bi 2 Se 3 . The resistivity, ρ (T ), is shown in Fig. 2(A) . Quantitatively, the ρ (T ) values (2-30 mΩ · cm) are larger than the crystalline system (∼1-2 mΩ · cm (17)). The amorphous system demonstrates a weakened T dependence compared to the crystalline counterpart (18) . As in all amorphous metals, the carrier mean free path is determined more by disorder-driven local- ization than phonon interactions, leading to a largely temperature independent resistivity (19) .
Moreover the high ρ and the weak temperature dependence is inconsistent with either a purely metallic or purely insulating material, and suggestive of a metallic surface on an insulating bulk state with potential topological origins.
Due to the potential metallic surface, we consider the sheet resistance in Fig. 2 
where t is the film thickness. Again, the R S values are increased compared to the crystal (∼5-250 Ω for similar thicknesses (17) ). The small variations in sheet resistance between sample thicknesses results from < 2 at% deviation in composition. The R S values lie within a factor of four, which is consistent with a thickness independent two-dimensional transport channel as in Ref (20) .
In Fig. 2 (B), R S (T ) increases below 30 K with decreasing temperature for all thicknesses.
The calculated activation energy for the thermally activated behavior below 30 K gives values < 1 meV. This energy scale is very small (compared to ∼ 37 meV (21) reported in the crystalline phase) and indicates that the low temperature increase in resistance cannot be explained by activated behavior from impurity levels (22) . This suggests that the upturn in R S (T ) is a result of bulk carrier freeze-out and dominant surface state transport (18, 23) .
The R S (T ) data was fit using a two channel conductance model (24) represented by the dashed curves in Fig. 2 The magnetoresistance (MR) provides another means to probe the topological properties. (26):
where Ψ is the Digamma function, B is the out-of-plane field, l φ (the phase coherence length) and α are used as fitting parameters. According to the theory, each conductance channel with a π Berry phase should contribute an α = −1/2 factor to ∆G (27) . In an ideal TI the two surfaces should each contribute an α = −1/2 factor, while the bulk doesn't contribute, giving a total of α = −1. Fitting our low field data, Fig. 2 (D), at 2 K gives a value of α = −0.9, suggesting we have two decoupled surface states corresponding to the top and bottom surfaces.
At 50 K, α = −0.49 suggesting the two putative topological surface states are coupled, causing the entire film to act effectively as one channel (28) . As the temperature increases to 150 K the WAL contribution is diminished and the MR becomes quadratic in field as seen in Fig. 2(C), and is dominated by the Lorentz force (29) . The MR at high fields for both low and high temperatures trends linearly, which has been ascribed to spatially distorted current paths in disordered topological insulators (30) . The observed behavior in the sheet resistance and MR is consistent with a metallic topological surface state that dominates over a wide range of temperatures.
If amorphous Bi 2 Se 3 is a time-reversal invariant three-dimensional topological state, it should present topologically protected Dirac surface states. It is important to note that an amor-phous system lacks translational symmetry; unlike crystalline systems, none of the momentum components, k x , k y , and k z , are good quantum numbers. However, since the nearest neighbor distance is still well defined (inset Fig. 1(A) ), there exists a good reciprocal length scale. The spherical coordinate |k| is always a good quantum number due to its relationship to energy (E ∝ k 2 ). Furthermore, the lack of a preferential direction in the bulk of an amorphous system implies spherical symmetry in momentum space. This allows for a spherically symmetric band structure and the existence of topologically protected surface states. The amorphous wavefunctions can be now parameterized in spherical coordinates by quantum numbers (k 2 , θ, φ), where θ is the azimuthal angle and φ is the polar angle. The spherical coordinates θ and φ are experimentally measured and refer to the respective angles of photoemission from the sample surface (see supplemental materials for details).
The interpretation of a topological surface state in our amorphous Bi 2 Se 3 films is further supported by our numerical model that realizes a Dirac-like state regardless of the absence of crystalline symmetry (see supplemental materials for details). Motivated by the similarity of local environments between the crystalline and amorphous Bi 2 Se 3 found in Fig. 1 , we use an amorphous variant of the three dimensional 4 band (spin-1/2 x 2-orbital) BHZ model (5, 12) . The Hamiltonian features direction-dependent spin-orbit hoppings set by the normalized hopping vectord and is the sum of onsite and hopping terms
In the crystalline case this Hamiltonian correctly reproduces key features of the topologically nontrivial bands closest to the Fermi level (12) . We implement this tight-binding model on large systems of short-range correlated amorphous structures (31) and investigate the topological surface states by calculating spectral functions using the Kernel Polynomial Method (32, 33). From the model we numerically obtain a spin resolved spectral function, shown in Fig. 3(A) .
The inclusion of a strong surface potential that breaks inversion symmetry results in spin-split trivial surface states at E F and a Dirac point that has been pushed to higher binding energies.
This surface potential depends on the details of the surface termination (such as dangling bonds, Se vacancies, or surface reconstruction (34, 35) ) and can tune the Dirac point to arbitrary binding energies (36) (37) (38) . However, it does not affect the bulk topological properties, and preserves the Dirac cone pinned to φ = 0, spanning the bulk gap (see Fig. 3(A) ). If the structure in Fig. 3 is truly a topological surface state, then the contributing bands will be spin-polarized as seen in our calculations Fig. 3(A) . Fig. 4 shows spin-resolved angle-resolved photoemission spectroscopy (S-ARPES) taken with 11 eV photons. Fig. 4(A) illustrates the experimental geometry where the measured spin polarization is P y in which y points along the axis of rotation used in the experiment, parallel to the sample surface.
The spin-polarized energy distribution curves (EDCs) with p-polarized light are shown in intensity (40) . Our observed spectra are qualitatively similar to other time-reversal symmetric topological insulators that lack inversion symmetry (see Fig. 2 and 3 in Ref. (41)). In conjunction with the observed Dirac-like spectra ( Fig. 3(C) ), the anti-symmetric spin texture is a strong evidence for the topological character of the surface state. In order to uncover the intrinsic spin texture within the SME background we follow a similar background subtraction to Ref. (40) (see supplemental materials). Fig. 3(A) . The Dirac node is shifted below the Fermi energy, and the anti-symmetric spin-resolved spectrum around Γ is reminiscent of Rashba type spin-splitting of the trivial surface states at E F . A natural explanation for both effects is the strong inversion symmetry breaking in amorphous Bi 2 Se 3 . Due to the lack of inversion symmetry at the surface, together with strong SOC, a strong spin splitting is expected in the whole spectrum.
Discussion and Conclusion
Our data is consistent with a spin-polarized two-dimensional surface state resulting from a topological bulk state in amorphous Bi 2 Se 3 and poses a rich set of questions for further investigation.
These findings suggest that amorphous phases of known crystalline topological insulators can be topological as well, potentially resulting in a route to find a large pool of topological materials for applications.
Spin resolved ARPES showed an anti-symmetric spin-polarization spectra close to the nodal region observed in ARPES at −0.8 eV, that we attributed to a spin-polarized two-dimensional topological surface state. The spectra are largely broadened by the inherent atomic disorder as well as the presence of vacancies and dangling bonds at the surface, which are a significant source of final state scattering. While the lack of inversion symmetry could give rise to trivial surface Rashba states and hence explain the observed spin asymmetry around the nodal region (42) it cannot account for the following observations. First, the trivial surface state can contribute a value of −1/2 ≤ α ≤ 1 to the HLN fit depending on if the states are weakly antilocalized or weakly localized, respectively. The observed values of α ≈ −1 at 2 K and α = −1/2 at 50 K (Fig. 2(D) ) is suggestive that the weak antilocalization originates from topological surface states rather than trivial Rashba states since the magnitude of α from trivial Rashba states would likely be smaller at both temperatures. Secondly, the observed spin asymmetry due to Rashba does not agree with our theoretical calculations which show the asymmetry originates from a nontrivial topological state.
TEM and Raman data suggests that the typical length scales of the amorphous structure are comparable to the crystalline case, suggesting that a possible condition to preserve the topological nature of the bulk in the amorphous state is to retain a local ordering similar to that of the crystal. The impact of coupling strengths and local field environments can be assessed theoretically via ab-initio calculations to refine the Hamiltonian modeling of amorphous topological materials (12) . This approach can be extended to amorphous material systems without topological crystalline counterparts, where local ordering coupled with disorder and strong SOC can mix energy levels to produce a topologically nontrivial electronic structure.
In conclusion, we have found that amorphous Bi 2 Se 3 hosts a two-dimensional metallic surface state with a spin-texture consistent with helical spin-polarization, indicating that the bulk is a three-dimensional amorphous topological insulator. This first experimental evidence consistent with topological states in an amorphous solid state system highlights that topological physics is not restricted to crystalline systems. Our results represent the first step towards a materials realization of recently proposed non-crystalline topological phases (43) that lie outside the known classification schemes for topological crystalline matter (2-4, 44, 45) . We expect our work to motivate an effort to understand topological amorphous matter, enabling materials discovery that can provide a path towards implementation into modern thin film processes.
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Supplementary Materials

Materials and Methods
Thin film growth and characterization
The Bi 2 Se 3 films used for this study were grown on amorphous Si 3 N 4 substrates (10x10x0.5 mm 3 ) using a standard thermal evaporation technique. A custom built UHV chamber with base pressure of 10 −9 Torr was used to grow the films. The films were co-deposited from high purity (99.999%) elemental Bi and Se single sources. The films were grown at room temperature with fluxes to match the stoichiometric ratio.
TEM was performed on 10 nm thick Bi 2 Se 3 films deposited on a 5 nm thick SiN window, using an image-corrected FEI ThemIS operated at 300 kV. Stoichiometry of the films was confirmed using XPS (X-ray photoelectron spectroscopy), EDS (Energy dispersive X-ray spectroscopy), and RBS (Rutherford backscattering spectroscopy). For EDS, an electron beam of 5 kV was used and an Oxford Instruments Aztec detector was used to measure composition.
The Bi 4f7 and Se 3d core levels were used in XPS, Fig. S1(A) . RBS was used to confirm that XPS and EDS gave correct values for composition, Fig. S1(B) . Our films are within ±3% of the exact stoichiometry of 40/60% and there are no composition gradients ( Fig. S1(C) ). The amorphous structure of the film was confirmed with XRD, Raman spectroscopy, and TEM. XRD shows no peaks in the spectrum that correspond to crystalline Bi 2 Se 3 interatomic planes and at low 2θ values, where θ is the incident angle, there is an amorphous hump. In order to check that decap process was not crystallizing our films we performed TEM on samples undergoing the same decap procedures. The diffraction patterns showed the same ring pattern that was seen in non-decapped samples as well as in the FFT, Fig S1(d) . Raman was performed with a Renishaw inVia 488 nm Ar/Ne laser.
The amorphous Bi 2 Se 3 samples resistivity was measured in a Van der Pauw (VdP) geometry using Indium contacts. The VdP samples were grown and transferred to vacuum within 30 minutes to minimize atmospheric effects.
ARPES/SARPES
The experimental geometry used to obtain the ARPES spectra is shown in Fig. S2 . φ is the detector angle away from the z-axis, φ is the sample tilt angle, and θ is the azimuthal rotation angle. We performed ARPES at the Advanced Light Source MAESTRO (7.0.2) and MERLIN (TOF) spectrometer that utilizes the spin-dependent reflection from a magnetic thin-film due to the exchange interaction (46) . The light source for the spin measurements was a Lumeras 11 eV
Xenon gas-cell laser with 1MHz repetition rate (47) . Synchrotron ARPES measurements and spin-resolved measurements were taken at ∼ 20 K and ∼ 75 K, respectively.
Theoretical tight-binding calculations
To construct an amorphous system, we randomly add atomic sites in a fixed volume from an uncorrelated uniform distribution. Treating atoms as hard spheres, we reject atoms closer than distance one to existing atoms and this procedure is performed until the goal density is reached.
This procedure minimizes density fluctuations and produces a peak in the radial distribution function at the typical nearest neighboring distance, matching the distribution function of an amorphous system more closely than independent uniformly distributed points, see Fig. S3 .
We then connect each neighbor to its 6 other nearest neighbors with hoppings of fixed magnitude, preserving the key features of octahedral coordination and fixed bond lengths, as in crystalline Bi2Se3. We do not distinguish Bi and Se atoms in this simplified effective model.
The Hamiltonian of the system contains an onsite and a hopping term,
whered is the normalized nearest neighbor vector.
To calculate the ground state (or finite temperature) expectation values of observables in large systems we use the Kernel Polynomial Method (KPM) (49) . The observable relevant to photoemission spectroscopy discussed in the main text, sensitive to the topological nature of the system, is the energy E and momentum k dependent surface spectral function,
where |k, l is a plane wave state of wavevector k nonzero only in the local orbital l. When we restrict the local part of the plane wave vectors to a certain spin or orbital polarization the spectral function is spin-resolved. We use the Kwant (50) software package to generate the tight-binding Hamiltonians and calculate spectral functions using the code published in Ref. (33) . The results shown in the main text were obtained using a sample of dimensions 50x50x20 and 0.4 average density, 20 × 10 3 sites in total. The bulk parameter values are (in arbitrary units) t 1 = 1,t 2 = 2,M = 4, and we use a constant electric field in the surface layer of thickness d=3 with electric field strengths E z = 0,−0.5, and −1. To obtain the surface spectral function we used plane waves that decay exponentially in the z direction with k z = 0.2i.
Supplementary Text Transport
The R S (T ) data was fit using a two-channel conductance model. The total conductance is the parallel sum of bulk conductance and a metallic surface conductance. The bulk conductance consists of thermally activated behavior and variable range hopping, while the surface conductance is metallic,
This model gives good fits to the resistance data and allows us to extract the surface state contribution, G surf ace /G total , as seen in Fig. S4(A) . We find for the 20 nm, 42 nm, 50 nm and 75 nm films the D (electron-phonon coupling) parameter to be 4.4, 1.2, 3.6, and 4.5 Ω/K, respectively.
These values are smaller than previously reported value of ∼ 6Ω/K in the bulk insulating TI BiSbTeSe 2 (48). Fig. S4(B) shows the Hall resistance as a function of magnetic field at various temperatures in amorphous Bi 2 Se 3 . Hall resistance is linear with magnetic field and is nearly temperature independent. This indicates that transport is determined by a single carrier (electron type) and the lack of temperature dependence implies that carrier density is unaffected by temperature.
An activated fit on the low temperature data is shown in Fig. S4 (C) and does not fit our data well giving unrealistic activation energies. In the log(R S ) vs 1/T plot, the low temperature values begin to decrease in slope and level off indicating at lower temperatures the values saturate.
The resistivity data matches its crystalline counterpart exhibiting metallic and low temperature behavior that is consistent with multiple channels of conduction. 
ARPES raw spectrum
SARPES: Spin Matrix Element and Background Subtraction in Spin-Polarized Map
The raw spin-polarized spectrum collected from the S-ARPES contains a large spin-polarized background associated with spin matrix elements (SME) from −600 meV to 0 meV that reaches approximately 60% at maximum. The magnitude of the SME is an interesting phenomenon on its own, needing further investigation. Moreover, over the course of the entire measurement (the spectra at each angle took approximately 3 hours), the background maximum increased slightly.
We captured each spectra in non-sequential order with respect to angle in order to determine that the increase in background was due to time-related changes to the sample in vacuum and was not dependent on emission angle. Since the underlying spin signal is a fraction of the SME background, normalizing by the SME peak value provides a more accurate spin-map after background subtraction.
Similar to Fig. 4(c) in the main text, Fig. S6 displays four spin-polarized maps on amorphous Bi 2 Se 3 . Fig. S6(a) is the total spin polarization including the SME after normalizing to the SME peak intensity. Only the spin polarization of the bands near −700 meV are distinguishable. To remove the SME to determine the underlying spin-polarization, we subtract the spin-polarized spectra at φ = 0 since time-reversal symmetry requires spin-degeneracy at zero-momentum. Fig. S6(b) and Fig. S6(d) show the SME subtracted spin-maps without and with SME peak normalization, respectively. The difference between these two maps is subtle and suggests that the normalization process is not drastically affecting the results. Lastly, if, instead of subtracting the normalized map with the φ = 0 spectrum, we subtract off the aver-aged spectrum with respect to φ, then we get Fig. S4(c) . The difference between Fig. S6 (c) and Fig. S6(d) are even less noticeable, suggesting that the final spin-maps are robust to background subtraction methods. Figure S6 : Spin map background subtraction (A) spin-map before SME subtraction in which the spectra at each φ are normalized by peak SME value. (B) SME subtracted spin-map using φ = 0 spectrum for subtraction, no SME peak normalization. (C) SME subtracted spin-map using φ-integrated spectrum as background, SME peak normalized. (D) SME subtracted spinmap using φ = 0 spectrum as background, SME peak normalized.
